An efficient time-dependent equation for predicting ground surface temperature devised by Bhumralkar (1975) and Blackadar (1976) is tested against a 12-layer soil model and compared with five other approximate methods in current use. It is found to be generally superior if diurnal forcing is present and very much superior to the use of the insulated surface assumption. An analogous method of predicting ground surface moisture content is presented which allows the surface to become moist quickly during rainfall or to become drier than the bulk soil while evaporation occurs. These improved methods are not of much relevance unless the main influences of a vegetation layer are included. An efficient one-layer foliage parameterization is therefore developed that extends continuously from the case of no shielding of the ground by vegetation to complete shielding. It includes influences of both ground and foliage albedos and emissivlties, net leaf area index, stomatal resistance, retained water on the foliage, and several other considerations. When it is tested against data for wheat measured by Penman and Long (1960), it appears quite adequate despite the many simplifying assumptions. The parameterization predicts that errors of up to a factor of 2 in evapotranspiration can be incurred by ignoring the presence of a vegetation layer.
INTRODUCTION
The determination of ground surface temperature within a numerical weather prediction model is usually accomplished by solution of a surface energy balance equation. A troublesome component, however, is the soil heat flux, which apparently requires the time-dependent solution for soil temperature within six or more layers of soil for reasonably good accuracy [Benoit, 1976] . Since the number of layers in the soil may then be comparable to the number of atmospheric layers comprising the model, abbreviations are usually sought for dealing with the soil heat flux. However, the abbreviations presently in use are very crude.
The prediction models of the Geophysical Fluid Dynamics Laboratory (GFDL) of Princeton have ignored the soil heat flux entirely [see Manabe et al., 1974] , as has also a version of the UCLA two-level model [Gates, 1975] . The National Center for Atmospheric Research (NCAR) model attempts to improve upon this omission by assuming that the soil heat flux, G = -X(•T/•z)o, is one third the sensible heat flux Hs to the atmosphere. Here ?, is the soil thermal conductivity, T is temperature, and subscript zero refers to evaluation at the ground surface. (As is customary, G is defined as positive when directed downward; atmospheric fluxes will be defined as positive when directed upward.) A list of symbols used in this paper is found in the notation list at the end of this paper. The proportionality constant, •, was chosen by Kasahara and Washington [1971] on the basis of the study of Sasamori [1970] , who simulated a measurement period of the O'Neill experiment [Lettau and Davidson, 1957] . Another possibility is to assume that G is proportional to the net radiative flux Rnet; a proportionality constant of about -0.4 is suggested by the study ofldso et al. [1975a] , while a value of-0.19 when the net radiative flux is downward and -0.32 when it is upward has been recommended by Nickerson and Smiley [1975] for O'Neill type conditions. However, since the negative soil heat flux equals the sum of all the atmospheric fluxes (as stated by the surface energy balance equation), any assumption that it is where W: is the net soil moisture (depth of extracted liquid water) within a thick upper layer of soil, Wn is the critical depth this layer is capable of holding before the surface is considered to act as if it were saturated, qsat is the saturation specific humidity at the ground surface temperature Tg and pressure ps, q, is the specific humidity of the air at height z, within the surface layer, and qg is the surface value of q. Also, 0• is the air density, and u• is the wind speed at z = z•, to which height the bare ground moisture or heat transfer coefficient Clio applies.
In conjunction with ( but an obvious restriction that should be recognized [Benoit, 1976; Rowntree, 1975 
] is qg < qs•t(Te) (3b)
The main shortcoming of (1) is that E• does not respond to short-period occurrences of precipitation and evaporation which only gradually change W: according to (2) and therefore only gradually change qe and Ee according to (1). For example, a rainfall of 1 cm in 3 hours would increase W: from 4 to 5 cm, say, relative to a saturated value of l0 cm, while in this period Eg as predicted from (1) would only increase 10% of the way toward its wet surface potential value. Instead, one would prefer a simple method which treats the actual surface and allows it to become saturated after only a short period of rainfall and to dry out substantially following evaporation. An accurate estimation of Ee is very important for the prediction of T•.
Finally, there is little knowledge of how accurate the prediction of ground temperature Tg need be, when in actuality a complicated vegetative ground cover is usually present in the situation toward which the calculation of Tg is applied. It might be thought that the GFDL method, which assumes an insulated lower boundary, effectively treats the very case of a foliage-covered ground surface and actually applies to the estimation of mean foliage temperature. However, this interpretation neglects the facts that (1) significant amounts of heat and moisture may diffuse from the ground up through the vegetative canopy, (2) the foliage transpires at a rate not closely dependent upon W•, and (3) on a large scale a significant fraction of the surface, either ground or rocks, is usually exposed to solar and atmospheric radiation and is not totally shielded by vegetation.
The purpose of this paper is to overcome the shortcomings described above. Bhumralkar's [1975] and Blackadar's [1976] approximate method of calculating Tg will be tested against the other methods which have been mentioned. An analogous approximate method for estimating soil surface moisture and qg will be presented and tested. Finally, a highly simplified parameterization of the influence of a vegetative layer will be presented, along with a comparison of how its inclusion affects Tg and the net fluxes of heat and moisture to the atmosphere.
BRIEF DESCRIPTION OF Te PREDICTION METHODS
The various methods to be compared are designated and described in Table 1 where Eg is the emissivity of the ground surface in the infrared, a is the Stefan-Boltzman constant, Hsg is the sensible heat flux at the ground to the atmosphere, L is the latent heat of condensation, a• is the ground albedo, S *. is the magnitude of the shortwave radiative flux, and R•. is the downcoming longwave radiative flux. The second, third, and fourth methods listed in Table I 
, where cp is the specific heat at constant pressure and T• is the air temperature at height z• within the surface layer. In the solar radiation term of (4), S * is assigned the timedependent value appropriate to 45 ø latitude on March 21, attenuated by 15% (or more when clouds are specified to be present).
In the last term of (4), RL* is prescribed by 
where t is time and A is the amplitude of G. The constants chosen by Blackadar for c• and c: in (8a) are slightly different: 3.72 and 7.4, respectively, to account for higher harmonics of the diurnal cycle.
The method of Bhumralkar [1975] is exactly the same as that of (8a) In the tests to be described in this section, (1), (2), and (3) were utilized to obtain q• and Ea; a modified method for obtaining qg is described in section 4. The value of cu0 utilized in (1) and (5) a. Constant atmospheric forcing except for variable solar radiation. In this set of tests the atmospheric temperature T• and specific humidity q• at z = z• were held constant at 280 K and 5 X 10 -a, respectively, except in case 5 of a simulated deep snow layer for which they were changed to 270 K and 3.0 X In case 4 (still muddy water) the occurrence of evaporation , days, averaged only 0.008 for the five different sets of soil at the full potential rate somewhat moderates the diurnal amplitude and causes the various solutions to be more similar to each other than they would be otherwise. In case 5 (snow layer) all the approximate methods appear more satisfactory because of the melting temperature constraint. However, because of the insulating property of snow, Ta• is in this one case properties, and extreme values of Tarn on the second day differed from those on the ninth day by no more than 0.68% of the diurnal range. Hence it is concluded that second-day values of Tarn were a viable standard against which to compare the more approximately calculated temperatures.
Tests were also conducted on the influence of the time step upon the approximate methods, and results are included in Other conclusions for the case of diurnal forcing which may be drawn from Table 3 
t(T•) + (1 -a')q,, q• < q•t(T•) (18a)
The form similar to (!a) which E• takes upon using (18a) is Another advantage of using (12) is that the soil albedo may be formulated to be dependent upon %; the dependency is much more accurate and unique if wg is used rather than w•. [see Idso et al., 1975b] .
It should be recognized that (18), although an improvement over (3a), still suffers the inconsistency that the height of evaluation of qa within the surface layer does not appear explicitly.
The behavior of (12)- (16) and (18) will be examined by utilizing this set of equations in place of (1)-(3). However, a demonstration of the behavior will be postponed until the latter part of the next section.
INCLUSION OF A LAYER OF VEGETATION
a. The assumptions and parameterizaton. A singlelayer of vegetation which has negligible heat capacity is assumed to be present. Its density will be characterized by the single quantity at, which is an area average shielding factor associated with the degree to which the foliage prevents shortwave radiation from reaching the ground. The limits of ar ar e 0 < ar < 1, ar = O signifying no foliage and at = 1 signifying complete radiative The canopy will be treated as a bulk layer, and it will necessary to distinguish between the heat or moisture transfer coefficient applicable to the ground surface underneath a canopy CHg, that applicable to bare ground Clio, and that applicable to the top of a dense canopy CHh. The assumption will be made that for a dense canopy, CHg = CHh; the simplest interpolation which will be used here for CHg in general is 
where Tat refers to the mean temperature of the air within the foliage, Tt is a representative temperature at the foliage surface itself, and qat and qt are analogous specific humidities. Formula (21) prescribes Tat and qat to be the same as Ta and qa, respectively, in the absence of foliage; for maximum foliage cover they prescribe Tat and qat to be influenced still by abovecanopy air as well as by the foliage and ground. The sum of the three coefficients in the last terms of (21) must be unity, and the foliage influence is made several times stronger than the ground influence because of the greater foliage surface area within a relatively dense canopy. There is little other information for guidance except from sensitivity studies which show little change in results if the present coefficients in the last terms of (21) Condensation which may occur on the soil surface is not treated as dew but is simply added to the bulk soil moisture budget.
A gross energy budget for the foliage layer must be established in order to estimate Tr. The values at the top of the canopy being denoted by subscript h, those at the ground by subscript g, and the direction of radiative fluxes by arrows, the assumption of no canopy heat storage leads to 
S• • + R•.• -S• • -R• • -(S• + R• -Sg • -R6g •) = H•n-H•g + L(En-Eg) (30)
Because of the ground cover the soil energy balance of (4) must be modified in order to obtain Tg needed in (32). With H•e denoting the sensible heat flux at the ground surface and Eg the evaporation rate there, we make the simplest possible generalization of (5) [ [ , , i , , , , , i-,] , , [ i , , , , , i [ , , , , • . ';,";,..., ........... ..  ,,•( ............ For a r = 0 a pronounced peak in Eh occurs during the simulated rainy period (Figure 9 ) when the ground becomes wet while it is still relatively warm. The bare soil evaporation rate is seen to be much increased on the day following the simulated rain, whereas the transpiration rate is little affected. The present parameterization has purposely been kept extremely simple, from the viewpoint of an agricultural meteorologist, so that it might be useful to atmospheric modelers who cannot afford to become too entwined in a host of vegetative canopy details. Another reason for the simplicity is that the parameterization should be capable of working reasonably well for a given large-scale shielding factor, whether the foliage cover is homogeneous in space with at = 0.5 or is very dense over half the area and nonexistent over the other half. Because of the linear interpolations upon a t built into this parameterization, it is subject to either interpretation of the foliage distribution.
The additional computer running time required of this parameterization is not great. The numerical program which involves prediction of the vegetation layer properties as well as of Tgtr, T•., Wg, and W•. was found to require only 1.5 times the computer time of a similar program stripped of all vegetative canopy and related statements. (Both programs were stripped of all superfluous or output statements.) The parameterization could therefore be made considerably more comprehensive without acquiring excessive computer requirements. Additional foliage variables requiring computer storage are T Wdew, and qat. Presumably at will also be a variable which could be made a function of season and location (or latitude, elevation, seasonal soil moisture, and land use).
It is perhaps worth mentioning some of the considerations omitted from this parameterization. These include effects of stratification or free convection upon both cH0 and CHh; influence of different types of canopy, for given at, upon mean wind, temperature, humidity, thermal radiation, and leaf area index within the canopy; different rates at which air within the canopy may be modified in temperature and humidity; influence of solar elevation angle upon at, at, and a•; dependence of liquid water retention upon canopy height and type; influence of soil water potential and of atmospheric temperature and humidity upon stomatal resistance; influence of soil properties upon the prediction of wg; interaction of snowfall with a foliage layer, and effects of a thin layer of organic litter atop the soil.
As the parameterization now stands, its chief components subject to tuning are two of the three factors which sum to unity in (21a) and (2lb), the stomatal factor 2 s cm -• appearing in (27), the factor 0.83 in (20), the factor 7 for the maximum leaf area index in (24), and the values assigned to ct, at, Wdm,x, and Wwl•t. To a certain extent, different types or combinations of canopies could be represented by somewhat different values of these parameters. A method is presented for predicting ground surface moisture which is analogous to the force restore method of predicting surface temperature. The specific humidity at the surface is then related to the ground surface moisture content rather than to the bulk soil moisture content as is present practice. This permits evaporation to dry out the ground surface and so reduce the evaporation rate from bare soil in comparison with evapotranspiration. Also the method permits the new variable, ground surface moisture, to be treated with comparable care and time scale resolution as is afforded ground surface temper- 
